INTRODUCTION
Photosynthetic electron fl ow in chloroplasts yields oxygen and NADPH (Hill reac tion) and is coupled to ATP fo rmation. The process is localized in the lamellar system (inner membrane) of the chloroplasts. The products of the light reactions (NADPH and ATP) in the lamellar system are used up by the enzymes of the CO2 assimilation cycle localized in the matrix (stroma) of the chloroplasts.
The mechanism of the Hill reaction and of photophosphorylation is studied in washed, matrix free, isolated lamellar systems [osmotically shocked broken chloro plasts; class II chloroplasts designated type C according to Hall (107) ]. Were it not for the use of artificial electron acceptors and donors, the discovery of both photo synthetic reactions of chloroplasts would have had to wait until the successful preparation of class I chloroplasts with an intact outer envelope. This is because fe rredoxin-required for NADP reduction and possibly also the cofactor of physio logical cyclic photophosphorylation-is lost during the preparation of broken chlo roplasts. In describing photosynthetic oxygen evolution by chloroplasts, Hill in 1937 used fe rricyanide as an artificial electron acceptor (124) . Arnon discovered cyclic photophosphorylation in 1954 by adding menadione, an artificial cofactor, to broken chloroplasts in the light (6) .
There are basically two types of electron donors and acceptors; electron donors feeding in before photosystem II or before photosystem I, and a feeding out to electron acceptors after photosystem II or after photosystem I. Cofactors of cyclic photophosphorylation are acceptors of photosystem I and donors for photosystem I at the same time. As Figure I indicates, such artifi cial or physiological electron donor and acceptor systems may be combined in any desired way to study a certain part of the native electron transport chain, provided the two components do not react with each other chemically. Figure 2 indicates a scheme fo r photosynthetic electron flow in which the possible position of certain carriers is indicated. This scheme shall not be discussed in detail here and should not be taken as the final word. It suffices for the points to be made in this review.
With new insights into the structure of the thylakoid membrane (181, 182, (204) (205) (206) 228) , and particularly with the impact of the chemiosmotic theory of Mitchell (its relation to photosynthesis reviewed in 18, 73, 100, 121, 261, 313, 314) , it became artificial donor artificial acceptor obvious that more attention should be paid to the localization of fu nctional parts of the electron flow system in the membrane, as has been pointed out by Racker (231) . The relation of structure and fu nction in chloroplasts has been reviewed recently by Park & Sane (228) . Consideration of the topography of the membrane and particularly of the electron transport system has since then gained considerable interest. Witt and his colleagues proposed in 1968 that the two photosystems are crossing the membrane from the inside to the outside, yielding a positive charge inside and a negative charge outside. Hauska (l12) offered a revised version of Racker ' s suggestion (231) as to the sides of the membrane involved in photosyn thetic electron flow analogous to the one of mitochondria. The outer surface exposed in isolated lamellar systems of chloroplasts is the matrix side of the thylakoid of the grana and stroma lamellae ( Figure 3 ). So fa r there is no procedure to obtain closed vesicles of chloroplast lamellae with the inner surface of the thylakoid turned outside. Disruption ·of the vesicle, of course, exposes the inner surface of such particles (like digitonin or French press fragmented or sonicated subchloroplast particles). Only very recently the properties of artificial electron donor and acceptor systems have been reevaluated in the light of the chemiosmotic theory. This means that the side of the membrane involved in the reduction of physiological as well as of artificial electron acceptors and equally in the oxidation of electron donors has to be considered. This has given new insight as to the number and location of energy conserving sites in noncyclic electron fl ow.
Many aspects of photosynthetic electron flow and energy conservation mecha nisms have been reviewed recently in the Annual Reviews of Biochemistry (300), PlantPhysioiogy (18, 21, 41, 61, 85, 127, 187, 209, 227, 228, 261) and Aficrobiology (121) ; also in Current Topics in Bioenergetics (14, 73, 100, 272) , Reviews of Bioen ergetics (2, 165) , Quarterly Review of Biophysics (313) ; in Proceedings of photosyn thesis meetings at Gatlinburg 1970 (229) and Stresa 1971 (87) , at the Photobiology Congress at Bochum 1972 (254) , and others (7, 59, 150, 181, 182, 205, 314).
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II �"'� II � II n-""'.L L� \ Figure 3 Schematic representation of the structure of the chloroplast lamellar system and the sides of membrane as referred to in the review (adopted from Miihlethaler) .
This review will discuss the present status of the identification of the endogenous electron carriers at the donor and acceptor sites of the two photosystems and the evidence as to which side of the membrane might be involved and the methodical approach to obtain such evidence. By accepting then a sidedness of the membrane, a concept as to native and artifi cial energy-conserving sites in noncyclic and cyclic electron flow is presented.
ELECTRON ACCEPTOR OF PHOTOSYSTEM I Endogenous Electron Acceptor
The reducing site of photosystem I provides a powerful reductant that rather unspecifi cally reduces a multitude of redox compounds. Among the first artifi cial compounds reduced were ferricyanide (124) and p-benzoquinone (301) . Their re duction by chloroplast preparations in the light led to the discovery of photosyn thetic oxygen evolution in cell-free systems long before the physiological electron acceptor of a Hill reaction was known. Besides benzo-, naphtho-, and anthraqui nones, numerous dyes, DCIP, tetrazolium salts, methylred and dipyridylium salts are reduced (for summary see 283) . With the dipyddylium salts the redox potential II of the acceptor site of photo system I has been measured to be around-550 mV (40, 179, 323) . Certain acceptors of photosystem I with more positive redox potentials may also be reduced by photosystem II, as will be discussed later.
In vivo the acceptor fo r photosystem I in chloroplasts is fe rredoxin (5, 279) . It is now accepted that the fe rredoxin-catalyzed reduction of NADP is the physiologi cal Hill reaction and NADP the terminal acceptor of the electron transport chain of chloroplast lamellar systems. In blue-green algae, a ftavodoxin called phytoftavin may replace fe rredoxin in iron deficient cultures (48, 275) . The reduction of NADP by fe rredoxin is catalyzed by an enzyme, fe rredoxin. NADP. oxido. reductase. This enzyme, crystallized by Shin et al (270) , is bound to the chloroplast lamellae but is easily washed off by aging or fractionating the chloroplast. Avron & Jagendorf (17) earlier discovered the enzyme in chloroplasts via its diaphorase and transhy-. drogenase activity; its involvement in NADP reduction was demonstrated through an inhibition of NADP reduction by an antibody against the diaphorase, i.e. reduc tase (168, 253) .
Ferredoxin fo rms a 1:1 complex with the fe rredoxin-NADP reductase (42, 88, 212, 269) . Via this complex fe rredoxin may also be loosely bound to the membrane (123) .
Soluble fe rredoxin is not the primary acceptor of photosystem I. Recent experi ments identified a "bound fe rredoxin" as the primary acceptor by an absorption change at 430 nm and by ESR techniques as first observed by Hiyama & Ke (128) and Malkin & Bearden (193) , respectively. The present status of the nature of the "bound fe rredoxin" recently has been summarized and reviewed by Ke (165) and therefore need not be repeated here. The reaction mechanism between "bound fe rredoxin" and soluble fe rredoxin has not been clarified. Possibly fa ctors described earlier in the literature as being involved in photosynthetic fe rredoxin reduction may be participating. Neither the FRS (ferredoxin reducing substance) of Yocum & San Pietro (321, 322), ORS (oxygen reducing substance) of Honeycutt & Krogmann (132, 133) , nor the Sleth of Regitz et al (238) , which were thought to be related to the primary acceptor, are identical with the "bound fe rredoxin." It seems possible that these fa ctors may fu nction after the bound fe rredoxin. FRS was described as being required in addition to plastocyanin, fe rredoxin, and Fd-NADP reductase in highly sonicated chloropasts in order to reduce NADP. Because FRS could be reduced first in the light in the absence ofNADP, and NADP was then subsequently reduced in the dark, it seemed to have carrier fu nction (321; see review 272). Unfortunately, it seems difficult to reproduce the exact conditions fo r liberation of FRS from the chloroplast membrane (290) . FRS of Yocum and San Pietro was able to reverse the inhibition of an antibody prepared by Berzborn et al (37) . By this experiment, a relation of FRS to Sleth of Regitz (238) was established (322). Berzborn et al (37) had described an antibody preparation against washed lamellae from Antirrhinum chloroplasts which in addition to antibodies against the Fd-NADP reductase and coupling factor contained a specific antibody inhibiting Hill reac tions requiring fe rredoxin (such as NADP, cytochrome c, or nitrite reduction by chloroplasts) but not the photoreduction of anthraquinone or methylviologen (37, 238).
Regitz et al (238) obtained a water-soluble fraction from ether-treated lyophilized chloroplasts, called Sleth ' which would neutralize the antibody and inhibitions by it. Sleth therefore should contain the antigen responsible for the antibody fo rmation and whose function close to the acceptor side of photosystem I in photosynthetic elec tron transport was inhibited by this antibody. Purification of Sleth led to a high molecular weight protein with an absorption at 275 ( = HMm) which carried the antigen properties. but so far it has no other detectable catalytic properties (239). Low molecular weight fractions which came off the membrane. together with the high molecular weight protein HMm. were identified as fl avonoids and p-coumaryl meso-tartaric acid (221. 222). Whether these low molecular weight fractions consti tute a lost prosthetic group of HMm remains unclear.
At present the function of HMm is best described as a protein required fo r reduction of soluble fe rredoxin by chloroplast lamellae; it is not required for the reduction of methylviologen, anthraquinone, or fe rricyanide (37. 238, 239) , as judged by the infl uence on photosynthetic reactions of an antibody against it. This does not necessarily imply a functional role of HMm. but possibly a structural role in that the reduction by chloroplasts of the soluble. charged. and relatively large fe rredoxin requires a more definite structure at the reducing end of photosystem I than is needed for the reduction of low molecular weight Hill acceptors. Recently Selman et al (264) reported that DABS (see discussion on this chemical probe later) inhibits fe rredoxin-dependent photoreductions but not the photoreduction of me thylviologen. The relation of the compound labeled by DABS to HMm has not yet been established. although the point of attack by DABS and the antibody described above seems to be the same.
Sleth and FRS are related to CRS. the cytochrome reducing substance of Fujita and co-workers (90, 91) , and ORS, the oxygen reducing factor of Honeycutt & Krogmann (132.133) in blue-green algae. This has been reviewed recently (272. 282. 322) . Another component described for the fu nction of photosystem I is a lipid requirement reported by Brand et al (50) .
Localization of the Acceptor Site of Photosystem I in the Membrane
Lipophilic (quinones) as well as polar (ferricyanide or NADP and others) electron acceptors are easily reduced by the isolated lamellar system of chloroplasts. Their reaction witi. the endogenous acceptor of photosystem I is not limiting to the overall rate of a Hill reaction. This suggests that acceptors of photosystem I are reduced on the outside (matrix side) of the chloroplast thylakoid with a highly hydrophilic environment around the acceptor site of photosystem I. Of course. it makes physio logical sense that the reduction of NADP occurs on the outside, i.e. the matrix side of the membrane. because the Calvin cycle enzymes which consume NADPH, fo rmed in the light, are located in the matrix. However. there is more evidence that the reducing site of photosystem I is exposed in isolated lamellae of chloroplasts. Studies with antibodies proved particularly useful in determining the side of the membrane involved.
The use of an antibody against the fe rredoxin-NADP reductase introduced the study of the photosynthetic membrane with the help of antibodies. Although at that time (168, 253) the aim was to clarify the role of the enzyme in photosynthetic electron transport, the results also gave the first information as to the sided ness of the Hill reaction. Obviously an antibody against a component of the membrane can react with its antigen only if the component is accessible to the antibody, i.e. located on the surface of the membrane vesicle. It is unlikely that a hydrophilic and large antibody can react with components buried in a membrane. It is also unlikely that an antibody can penetrate a membrane. The reaction of an antibody against a membrane component will tell which surface is involved as long as there is a closed vesicle, and therefore the inner space and inner surface are not accessible, and as long as no perturbation has occurred during preparation of the vesicle. In particles with no vesicle structure, however, both the inner and outer surface of the mem brane are exposed. In addition, direct or indirect agglutination tests will indicate whether a component is on top of the membrane or in a crevice. This antibody technique is an approach to studying the structure of the membrane as introduced to chloroplasts by Menke (202, 202a) and Berzborn (31) and whose general back ground has been discussed recently by Koenig et al (176) and Berzborn (35) . The antibody against the pure fe rredoxin-NADP reductase was shown to inhibit the enzyme activity not only in the purified soluble state but also when the enzyme was still bound to the membrane (168, 253) . A more detailed study by Berzborn (31) (32) (33) (34) showed that the antibody against the reductase does precipitate the solubilized enzyme as expected but is not able to precipitate the chloroplasts. This means that though the antibody reacted with the enzyme on the membrane (because its function was inhibited) the antibody could not crosslink. Indirect agglutination tests proposed by Coombs (precipitation occurs by adding an antibody against the im munoglobulin of the rabbit after the antibody against the reductase had reacted) or the mixed agglutination test proposed by Uhlenbruck (precipitation by adding solubilized enzyme after the antibody had been reacted with the bound enzyme) were positive (see Figure 4 ). This led Berzborn to postulate that the fe rredoxin NADP reductase is located on the surface of the membrane but somewhat buried in a crevice or depression (32) (33) (34) . The antibody reaches the antigen with only one of its two reaction sites and does not extend out of the crevice fa r enough to get to a second antigen. After removal of the coupling fa ctor by EDT A, the antibody against the reductase would give direct agglutination (33). This indicates that the crevice for the reductase is partly fo rmed by the coupling fa ctor.
As already discussed, the fe rredoxin-NADP reductase fo rms a stoichiometric complex with fe rredoxin (42, 88, 212, 269) . Because the reductase is bound to the membrane the complex leads also to a binding of fe rredoxin on the membrane. This was shown directly by Hiedemann-Van Wyk & Kannangara (123) by an antibody against fe rredoxin which was able to precipitate the chloroplasts. It proves that both the reductase and fe rredoxin are bound to the outside of the membrane.
The antibody preparation against a component on the reducing site of photosys tern I which is inhibiting fe rredoxin reduction (37, 238) has been described above. Because this antibody does react with the thylakoid membrane, again this com pound (and therefore Slet h ) is located on the outside. Recently also an antibody against an enriched P700 preparation (photosystem I pigment) has been described (231) . The antibody does react with P700 because an externally added plastocyanin-stimulated ascorbate photooxidation was inhibited. Because also the chloroplasts were agglutinated, P700-protein seems to be accessible fr om the outside.
Koenig et al (176) prepared antibodies against desoxycholate fractions of chloro plasts which showed differential activity of photosystem I or II. Of the antibodies against two different photosystem I fractions, one inhibited photosystem I activity in intact lamellae while the other did so only after disrupture of the membrane, suggesting that one antibody was against the inside and the other against the outside of photosystem I. Briantais & Picaud (58) prepared antibodies against enriched photosystem I and photosystem II preparations as obtained after fractionation of chloroplast membranes with triton. They showed that the antibody against the photosystem I fraction would also react with and precipitate the isolated lamellar system, whereas the antibody against photosystem II would do so to a much lesser extent (57, 58) . They concluded that photosystem I is therefore accessible in the lamellar system. They take their results as proof fo r the binary model of Arntzen, Dilley & Crane (8) fo r the chloroplast lamellae. The binary model of the structure of the thylakoid membrane visualizes photosystem I particles arranged on the outer part (half) of the thylakoid on top of the photosystem II particle on the inner part (8) . This model agrees well with the interpretation of electron microscope evidence (by freeze etch techniques) for two kind of particles in the thylakoid membrane (Miihlethaler 204-206, Branton & Park 54). The membrane is fractured along an interior layer by freeze etching and possibly also by the methods of chloroplast fragmentation [digitonin (8, 305) , triton (56, 294) , sonication (145) , and French press (9, 10, 252)].
Dilley et al recently supported the model by using a chemical probe, labeled p-(diazonium)-benzene sulfonic acid (DABS) (74) . This compound cannot pene trate into a membrane and therefore wiIl label only reactive groups located on the outside of a membrane (27) . After "labeling with DABS fractionation of the chloro plast membrane into photosystem I and II particles yielded mainly DABS labeled particles containing photosystem I. Recently further experiments were able to local ize one of the labeling points of DABS among the functional components of photo system I because a DABS labeled photosystem I is still able to photoreduce methylviologen, but not NADP (264) . Possibly then DABS is reacting with the component of the acceptor site of photosystem I described as Sleth by Regitz et al (238) , as already discussed.
From the evidence with hydrophilic acceptors, antibodies, and chemical probes it is clear that photosystem I is oriented towards the outer surface (matrix side) of the membrane. More specifically, the acceptor site of photosystem I including fe rredoxin, fe rredoxin-NADP reductase, and an unknown (structural?) component of fe rredoxin reduction (FRS, ORS, and Sle th, a site of DABS labeling) are exposed and accessible to a hydrophilic environment.
ELECTRON DONOR OF PHOTOSYSTEM I

Endogenous Electron Donor
The concept of two light reactions in series developed from the observation of Duysens (78) that cytochrome (is reduced by short wavelength light (photosystem II) and oxidized by long wavelength light (photosystem I). Because of a supposed temperature insensitivity of its photooxidation (the measured absorption change was probably due to a cytochrome b559 change), cytochrome (was proposed to be the immediate electron donor fo r photosystem I (60, 207, 312) , but later work has shown a gradual displacement of cytochrome (by plastocyanin as the primary photooxidant of photosystem I (reviews 41, 187) . Recently several groups reported on the stimulation of cytochrome (photooxidation by plastocyanin (19, 110, 125, 214, 230) in sonicated chloroplasts. However, since such experiments can be per fo rmed on i y in fragmented plastocyanin deficient chloroplasts, it was argued that plastocyanin would merely replace cytochrome f, which as the actual donor is spaced from the reaction center by the fragmentation procedure (86, 144, 208) . Finally, in the development of the relative position of cytochrome (to plastocyanin, Haehne1 (105) reported, on the basis of fl ash light experiments, that cytochrome (possibly is not located in the main electron fl ow from plastoquinone to P700 in contrast to plastocyanin (106), through which more than 90% of the electrons proceed. This seems to be in contradiction to recent experiments by Biggins (38) and Larkum & Bonner (184-186) on cytochrome (absorption changes in continuous light and their dependence on excitation conditions, inhibitors, and the type of chloroplasts. These authors supported a functional role of cytochrome (in cyclic as well as noncyclic electron fl ow.
TREBST
A number of important plastocyanin inhibitors have recently been introduced: histones and polylysine (28, 49, 52) , KCN (at 10-2 M) (226) and low concentration of Hg++ (170, 172) . It was shown that polylysine (52) as well as Hg (172) inhibit electron flow between cytochrome {a nd photosystem I in otherwise untreated chloroplasts, i.e. plastocyanin functions after cytochrome {also in intact chloroplast lamellae. One reaches the conclusion that the present evidence highly favors plas tocyanin as the immediate electron donor fo r photosystem I.
Artificial Electron Donors
Artificial electron donors fo r photosystem I have been used extensively to study part reactions of photosystem I. The couple DCIP I ascorbate was the first to be intro duced by Vernon & Zaugg (297) . They showed that DCIPH2, kept reduced by ascorbate, reverses the inhibition of NADPH fo rmation when photosystem II and the photooxidation of water is blocked by DCMU. Phenylenediamines like TMPD or DAD proved later to be a particularly active group of electron donors fo r photosystem I (28 I, 285, 306) . Again catalytic amounts of phenylenediamines were used and kept reduced by excess ascorbate. Ascorbate (83, 161) as well as reduced cytochrome c (217) without a mediator are not electron donors for photosystem I in intact lamellar systems.
A major difference emerged as to the coupling of the donor systems. It was shown that the DCIP/ascorbate system (167, 190, 285, 286, 306) as well as the DAD/as corbate system (285) were coupled to ATP fo rmation, whereas the TMPD/ascor bate system was not (139, 281, 285, 306) . Recently this was attributed to the chemical properties of the phenylenediamine (115), as will be discussed later. In fr agmented chloroplasts these electron donor systems require plastocyanin (83, 153, 162, 298) . Only DCIP at very high concentrations is able to bypass plastocyanin to a certain extent (83, 159) .
The direct coupling to A TP fo rmation of the electron donor systems to photosys tem I has been questioned (13, 101, 102) . Indeed, it seems likely that some of the high P / e, ratio reported in the early paper (286) is due to a superimposed cyclic electron flow. Some supported the view of direct coupling (114, 186, 267, 268, 277) and even postulated two coupling sites in the DCIP donor system (216) . This question as to the coupling and the true Pie, ratio in donor systems fo r photosystem I will be taken up later in this review.
Cyclic Electron Flow Around Photosystem I
A number of artificial electron donors for photosystem I like DCIP or DAD also were shown to be cofactors of cyclic photophosphorylation if added to chloroplasts in the absence of ascorbate (284, 285) . Indeed, the only difference between an electron donor system for photosystem I and a cyclic system is the way the donor is reduced. In the first case the donor is kept reduced by ascorbate, and an acceptor is added to be reduced in substrate amounts,whereas in the cyclic system the cofactor is acting as a donor as well as an acceptor. Cyclic photophosphorylation was discovered by Arnon et al when they added menadione or FMN (6, 307) to isolated chloroplasts. It was later shown that cyclic electron fl ow involves only photosystem I and is not inhibited by DCMU (see 18). Many quinones were fo und to be cofactors of cyclic electron flow (284) . PMS turned out to be by far the best cofactor of cyclic photophosphorylation (146) . By comparing the redox potential of qui nones and other compounds and their ability to catalyze cyclic electron flow, it became apparent that the redox potential of a cyclic cofactor has to be more negative than zero volts. Kandler (155) and Trebst & Eck (284) concluded that the cofactor in its reduced state reacts with plastoquinone (which has a redox potential close to zero). A participation of plastoquinone was more directly shown by studies with petroleum ether-extracted chloroplasts (183) and recently with. the plastoquinone antagonist dibromothymoquinone (46) , which did inhibit such cyclic systems. How ever, there are notable exceptions to this. The cofactors of cyclic photophosphoryla tion PMS, as well as DAD and DCIP, have more positive redox potentials than zero volts. These cyclic systems are not inhibited by the plastoquinone antagonist DBMIB (46) . Because, as discussed above, the DAD and DCIP systems require the addition of plastocyanin in fragmented chloroplasts, it is safe to assume that these systems close the cycle around photosystem I via plastocyanin. This is supported by the recently noted result that these systems are inhibited by the plastocyanin inhibitors KCN (226) or polylysine (49) . Reduced PMS, on the other hand, was fo und to be able to react even directly with the donor site of P,oo (314) . This can be concluded also from recent experiments with KCN. High concentrations ofKCN inhibit plastocyanin but still do not inhibit PMS catalyzed cyclic electron flow completely (226) .
One may summarize that a cofactor of cyclic electron flow in isolated lamellar systems is an acceptor of photosystem I and closes the electron flow cycle back to the donor site of photosystem I by reacting in three different ways: (8) with plas toquinone, (b) plastocyanin, or (c) with P,oo.
Cytochrome bS63 usually has been implicated as a participant in cyclic electron flow (see bibliographies in 7, 18, 21, 41, 85, 127, 173, 175, 187, 228) . Bohme & Cramer (44) recently produced direct evidence for an energy coupling site in cytochrome bS63 oxidation. Several lines of experiments (38, 184) supported or schemes (particularly of Arnon 7, 175 ; see also 228) included cytochrome [in cyclic electron flow. Further support is also provided by the isolation of a cytochrome bs6rcytochrome [particle from chloroplasts (213) . Because the oxidation of cyto chrome bS63 was inhibited by DBMIB, plastoquinone seems to be involved (44) in such a hypothetical cyclic system. The inclusion of plastoquinone, however, renders a cyclic system spatially and functionally separate fr om noncyclic flow more difficult to visualize.
Localization of the Donor Site of Photosystem I in the Membrane
Witt (313, 314) and Schliephake et al (255) were first to produce evidence for the sidedness of the chloroplast membrane according to the chemiosmotic theory. They fo und that the reaction centers of both photosystems I and II produce a charge separation across the membrane upon illumination, with the positive charge inside. Each photosystem would contribute half of the electric field generated (255) . This indicates that the donor site and acceptor site of photosystem I should be located on different sides of the membrane, with the donor site inside or towards the inside of the membrane. The sidedness of photosystem I was substantiated by the experi ments of Hauska et al (110, 113, 231) with an antibody against plastocyanin, the immediate electron donor for photosystem I. A specific antibody against plastocya nin is not able to react with plastocyanin in intact chloroplast lamellar vesicles, i.e. no inhibition of the Hill reaction or donor systems for photosystem I and also no agglutination occurs. Upon sonication in the presence of the antibody, inhibition did occur, which was explained by an opening of the membrane during the sonication procedure, liberating plastocyanin or permitting access of the antibody. An antibody against cytochrome (also did not react with intact chloroplast lamellae, but it did inhibit photophosphorylation when present during sonication of the chloroplasts (231) .
Furthermore, the light-induced oxidation of cytochrome (stimulated by pi as tocyanin in sonicated chloroplasts is inhibited by the antibodies against cytochrome (or plastocyanin only when the antibody is present during sonication (110) . Both antibodies reacted with externally added plastocyanin or cytochrome [ From this it was concluded that both plastocyanin and cytochrome (are not accessible from the outside and possibly are located inside the membrane (Ito, 112, 113, 231).
Cramer recently reported that reduced cytochrome (-as opposed to cytochrome b559 -is only slowly reoxidized by ferricyanide in the dark, indicating a burial of cytochrome (in the membrane. Light cycles before the addition of fe rricyanide, however, increased its accessibility and therefore the rate of oxidation (66) .
The notion that the donor site of photosystem I is located in or inside the membrane is supported by recent experiments with charged and hydrophilic (vs lipophilic) electron donors fo r photosystem I. By comparing PMS and pyocyanine with their sulfo derivatives which have similar redox potentials but very different lipophilicity and polarity, Hauska fo und that sulfo-PMS or sulfopyocyanine are not cofactors of cyclic electron fl ow (Il l). The same is observed when I, 2-or 1,4-naphthoquinones are compared in cyclic photophosphorylation with their sulfonic acid derivatives, lumifl avin with ribofl avin and FMN and indophenol (DCIP) with sulfoindophenol (sulfo-DCIP) (115) . The polar hydrophilic derivatives as against the parent lipophilic compounds are cofactors of pseudocyclic but not of cyclic photophosphorylation. From this it is deduced that polar derivatives are reduced by photosystem I, but their reduced fo rms are not oxidized by photosystem I. This was interpreted to indicate that the acceptor site of photosystem I is not accessible to polar hydrophilic compounds. Also sulfo-DCIP/ascorbate is not an electron donor system fo r photosystem I in intact chloroplast lamellae, but it does react in fragmented chloroplasts where the donor site of photosystem I is exposed (115) . The hydrophilic ascorbate (83, 161) and the large protein cytochrome c (217) are also not electron donors in intact lamellae vesicles, but they are donors in fragmented chloroplasts.
The conclusion that plastocyanin is located in or inside the chloroplast inner membrane is not easily reconciled with the experiments with polylysine. It was shown that this compound inhibits photosystem I reactions (49) and specifically inhibits between cytochrome (and P700 (52) . Because polylysine does react with solubilized plastocyanin (of chloropla s ts but not of the positively charged plastocya nin of blue green algae) the inference that polylysine inhibits electron fl ow by blocking plastocyanin seems valid (52) . However, recent experiments show that poly lysine also inhibits sonicated chloroplasts devoid of plastocyanin (51) . Polyly sine (at low concentrations) even stimulated the activation of photo system I activity by plastocyanin in such chloroplasts (51) . This might be explained by assuming that polylysine, by blocking negative charges of the membrane, enables the negatively charged plastocyanin to get to its fu nctional site. The inhibition of photosystem I activity by polycations is prevented by salt, trypsin, light, or lecithin coating, also suggesting that the inhibition depends on negatively charged goups on the surface of the membrane not identical with the plastocyanin itself (28) . Neutralization of the negative charges on the outside of the membrane by reaction with a carbodiimid + glycine methyl ester (to be discussed later) protects photosystem I from inhibition by polylysine (29) . Conformational changes also might be implicated, including an opening of the partition. There is therefore a possibility that poly lysine inhibits plastocyanin function by conformational changes induced from the outside.
ELECTRON ACCEPTOR OF PHOTOSYSTEM II
Endogenous Electron Acceptor
The primary acceptor of photosystem II is the quencher of its fl uorescence, desig nated Q by Duysens (77, 78) , which is fo llowed by a much larger pool of a secondary quencher A (see Amesz 2) . The two pools are fu nctionally separated by the inhibitor DCMU. There seems to be no disagreement that the large pool A is identical with plastoquinone, whose concentration in the membrane is about 10 to 20 times larger than the concentration ofQ (see 2, 312) or about 5 molecules per electron transport chain (313) . The large pool A, i.e. plastoquinone, acts as electron buffer between the two light reactions (312, 313) . Recent results proved the important fa ct that several electron fl ow chains may fe ed electrons from photosystem II into this pool, i.e. two or more reaction centers of photosystem II may reduce the same plastoquinone molecule (70, 79, 194, 273, 274, 311, 312) . The main experimental approach to this involves comparing the DCMU sensitivity at low and high light intensity. Siggel et al (273) estimated that as many as ten chains may be involved in this cooperation of several electron transport chains. The chemical nature of Q is not yet sufficiently clear. Stiehl & Witt suggested Q to be a separate small plastoquinone pool which is reduced to the semiquinone (276) . Plastoquinone as a primary acceptor of photo system II was supported by Kohl (177) , who by ESR experiments concluded that a plastoquinone chromanoxylion is the primary acceptor. This was recently sug gested also by Diner & Mauzerall (76) . On the other hand, the experiments of B6hme & Cramer suggest that cytochrome bSS9 (in the low potential fo rm) is located before the main pool of plastoquinone because its oxidation by photosystem I is inhibited by the plastoquinone antagonist DBMIB (43, 45) . The latter result, though not the interpretation, has recently been supported by Anderson et al (4) . Further more, cytochrome b559 acts as a secondary quencher of fl uorescence in the presence TREBST of DCMU (67) and is still present in and reduced by highly purified photosystem II reaction center particles (166). Joliot & Joliot also found a relation of cytochrome b559 to a quencher of photosystem II in their elaborate scheme of the photoacts of photosystem II (148) . The compound C l s a, discovered by absorption changes at 550 nm by Knaff & Arnon (174) , is related to the primary acceptor of photosystem II and probably a sensing pigment for the redox state of the quencher (see Butler 59) . Extraction and reconstitution experiments suggest that Cssa is /3-carotene (223) .
The midpoint redox potential(s) of the acceptor site of photosystem II has been reevaluated by
Artificial Electron Acceptors
Artificial electron acceptors may be reduced by photosystem II to yield a Hill reaction (oxygen evolution and reduction of an acceptor) without the participation of photosystem I. Ferricyanide and DCIP were often considered in the past to be electron acceptors of photosystem II (16, 188, 190, 197, 220, 249, 257, 312) , but conflicting results emerged, particularly from measurement ofthe quantum require ment and enhancement because, contrary to the above authors, others did find enhancement (39, 98, 308) . Govindjee & Bazzar (99), Kok et al (180) , and Lien & Bannister (188) came to the conclusion that both photosystems, but photosystem I preferentially, reduce fe rricyanide and DCIP. Rumberg et al (249) suggested that high concentrations of fe rricyanide would be accepting electrons from photosystem II but only in flashing light experiments and at moderate frequencies (see also 152).
The problem of the specificity of photo reductions by photosystem II recently has been resolved. The reduction of ferricyanide and DCIP by photosystem II depends on the accessibility of these compounds to the acceptor site of photosystem II. In freshly prepared thylakoid membranes this side is very much covered up (as will be discussed in more detail below), and ferricyanide and DCIP are reduced preferen tially by photosystem I. The rate of reduction by photosystem II, is only about 40% of the rate by photosystem I, according to experiments of Bohme et al (46) and those of Kimimura & Katoh (172) , or even less than 10% according to Izawa et al (141) and Ouitrakul & Izawa (226) . This is concluded from experiments with inhibitors which block electron flow from photosystem II to photosystem I, such as dibromo thymoquinone (46, 282) , KCN (226), or HgCI2 (172). However, in fragmented chloroplasts (e.g. sonication), isolated photosystem II particles, or Euglena chloro plasts, this rate of photoreduction of ferricyanide or DCIP by photosystem II is increased (162, 163, 293) because now the acceptor site of photosystem II has been exposed. The photoreduction of ferricyanide or DCIP in sonicated spinach or in Euglena chloroplasts is no longer inhibited by DBMIB (46, 282) . Therefore, in relating the rate of Hill reactions with polar acceptors to photoreductions by photo system II and conclusions as to the efficiency of photosystem II, the state of the chloroplast employed in the experiments is of great importance.
Saha et al (251) have recently devised a general concept as to photo reductions of electron acceptors by photosystem I and II. They grouped Hill acceptors in classes according to lipophilicity and polarity. Hydrophilic acceptors turned out to be acceptors of photosystem I and lipophilic ones to be acceptors of photosystem II. Oxidized phenylenediamines and benzoquinones turned out to be excellent artificial electron acceptors of photosystem II (which does not mean that they may not be reduced also by photosystem I!). Saha et al (25 1) first concluded this from the Pie, ratio obtained in photoreductions of oxidized phenylenediamines. Recently the concept of Saha et al has been proved correct by the use of the inhibitors already mentioned. In the presence of the plastocyanin antagonists HgCI2 (161, 170, 172) , KCN (226) , and poly lysine (225) , photoreductions of oxidized phenylenediamines or certain benzoquinones occur at almost undiminished rates. The same has been observed when the plastoquinone antagonist DBMIB is employed (141, (287) (288) (289) . Thus photoreductions by photosystem II can now be measured easily even in intact lamellar systems of chloroplasts by using these lipophilic acceptors and by blocking electron fl ow from photosystem II to photosystem I by one of the inhibitors. The importance of these experiments on photoreductions by photosystem II fo r the site of energy conservation in photosynthetic electron flow will be discussed later.
Photoreductions by photosystem II are still DCMU sensitive. Miles et al (203) , however, reported that the photoreduction of Hg++ is DCMU insensitive. Brandon suggested from the effects of a-benzyl-a-bromo-malodinitrile on photosystem II that the compound may be also a DCMU insensitive acceptor of photosystem II (53) .
Localization of the Acceptor Site of Photosystem II in the Membrane
The requirement of lipophilicity fo r an artificial electron acceptor fo r photoreduc tions by photosystem II indicates that the acceptor site of photosystem II is buried inside the lipophilic region of the membrane. Antibodies to photosystem II particles prepared by Briantais & Picaud (58) were less active in agglutinating intact chloro plast lamellae, and an antibody against an antigen on the surface of intact lamellae is not in the antiserum against photosystem II particles. From this the authors (58) supported the model of Arntzen et al (8) , mentioned above. However, there is also evidence that the acceptor site of photosystem II is close to the surface of the thylakoid, though still in a lipophilic region and not in the hydrophilic environment (of the matrix). Indeed, the revised structural model of Miihlethaler (205) discusses an extension of the inside particle to the surface of the membrane. The antibody against photosystem II fr actions from chloroplasts by Koenig et al (176) did inhibit photosystem II activity (though not necessarily on the acceptor site). Radunz, Schmidt, and Menke fo und that antibodies against chlorophyll a as well as against plastoquinone do react with photosystem II and plastoquinone respectively (232, 234, 235, 256) . Though the rate of inhibition of photosynthesis by these antibodies is only about 15%, it seems to indicate that the acceptor site of photo system II, and plastoquinone in particular, is located towards the outside and is accessible, al though only to a small extent.
Earlier Witt and his colleagues at Berlin had already suggested, in view of the chemiosmotic theory, that on illumination photosystem II is transporting electrons across the membrane (3 13, 314) , as already discussed in relation to the localization TREBST of photosystem I. Schliephake et al (255) observed a charge separation across the membrane upon illumination of either photosystems and proposed that the donor and acceptor sites of photosystem II (as weIJ as of photosystem I) are located on different sites of the membrane, the acceptor site being outside. Griinhagen & Witt showed that the decay of this electric field corresponds to the rise of the �pH across the membrane (103). Junge & Auslander (l5 1, 152) produced evidence that ferricya nide reduction by photosystem II via plastoquinone (in fl ashing light experiments) occurs on the outside of the membrane. A statement in this paper refers to a covering protein layer as indicated by the conditions which fa cilitate the access of the polar fe rricyanide to plastoquinone (152). Reinwald et al showed that the well-established proton pump of chloroplasts is due to a plastoquinone loop in the electron transport chain (240) . Protons are taken up from the outside during the reduction of plastoqui none by photosystem II, and upon oxidation of plastohydroquinone inside protons are released. This indicates that the pair plastoquinone/plastohydroquinone is tra versing the membrane, and from this it fo llows that plastoquinone is located and reduced on the outside close enough to a water phase to obtain protons. The pH dependence of the redox potential of the quencher Q indicated that the reduction of the quencher itself requires a proton uptake, possibly also from the outside (68) .
Cytochrome b559 has been implicated as being located close to the quencher (45, 67) . It is easily oxidized by, and therefore accessible to, fe rricyanide in the dark as against cytochrome f, whose dark oxidation by ferricyanide is slow (66) .
ELECTRON DONOR OF PHOTO SYSTEM II
Endogenous Electron Donor
The electron donor in photosynthesis of green plants of course, is water. From the oscillations in the yield of oxygen upon illumination of Chlorella or chloroplasts with single short flashes, a fo ur quantum process in oxygen evolution is deduced. Four trapping centers are transformed consecutively from stage So to S3 upon illumination, which then on the fo urth fl ash releases oxygen and returns to stage So. Stage Sl is the most stable stage and therefore already the third fl ash releases the first molecule of O2 after a dark period. Cheniae has recently summarized the biochemistry and biophysics of photosystem II and oxygen evolution (61) . Man ganese is involved in t h e process of water photooxidation. New experiments by Cheniae since his review (6 1) have clarified that there are 5 to 8 manganese atoms per photosystem II trapping centers in Scenedesmus and 4 to 6 in spinach chloro plasts rather than 2 to 3 (63) .
The discovery of specific inhibitors [high concentrations of carbonyIcyanide phenylhydrazones (24 1, 316), NH20H (26, 80, 147) , high NHa, or methylamine concentrations (142) and others (160, 164) ] between water oxidation and photosys tem II and specific treatments inactivating water oxidation but not photosystem II [tris treatment (3 17, 320) , gentle heating (47, 163, 171, 318) , KCl treatment (12) , and chaotropic reagents like perchlorate (191) ] helped clarify the reactions on the donor site of photosystem II. The inhibition of water oxidation by antibodies and chemical probes deserves special discussion later. The mode of action of ADRY substances is to accelerate the deactivation reaction of the water splitting system Y, i.e. they decrease the lifetime of the higher stages of S (242, 243). Cheniae & Martin described in greater detail the dependence of the inactivation of oxygen evolution by hydroxylamine treatment on conditions (63). Ort & Izawa reported on a particularly effective but gentle treatment fo r inactivation of oxygen evolution by hydroxylamine + EDTA (224).
Artificial Electron Donors
In such inhibited or treated chloroplasts water may be replaced by artificial electron donors. Hydroquinones (3 19) (135, 136) and tetraphenylboron (129, 130) are also electron donors for photosystem II. Several reaction sites between oxygen evolution and photosystem II have been implicated (12, 164, 171) on the basis of differential activity by donors with some of the inhibitors of inactivation treatments mentioned above. Instead of several sites between water and photosystem II, these results might rather reflect the degree of destruction (and of manganese extraction) on the cooperativity of the water oxidation complex. As Kok pointed out, artificial donors replace the complete water oxidation system rather than using part of its components. Restoration of electron flow from water to photosystem II als o depends on the degree of the inactivation treatment. Simply poising the redox state (3 15) or adding manganese (137) restores electron flow after mild treatment, whereas after severe treatment and complete extraction of the endogenous man ganese, or in severe manganese deficiency of the Euglena cells the chloroplasts were obtained from, no restoration of oxygen evolution and even no electron flow from artificial electron donors is possible (62, 119) .
Some of the results obtained from the use of artificial electron donor systems fo r photosystem II are difficult to evaluate because a number of side reactions have not been taken into account sufficiently in studies on the mechanism of non cycli c flow or on the development of the photosynthetic apparatus. I.Some of the artificial electron donor systems fo r photosystem II are also electron donors for photosystem I, such as hydroquinones or phenylenediamines and ascor bate (the latter depending on the structural integrity of the chloroplast preparation) 2. Some of the reported electron donors are active in fragmented chloroplasts or purified photosystem II particles only and are not very effective in intact thylakoid membranes. Vernon & Shaw (295) already pointed this out when they described the system DPC/DCIP as well suited to study only photosystem II activity. This means that the donor site (as well as the acceptor side) of photosystem II is not readily accessible in intact membranes by hydrophilic or charged donors. 3. Some electron donors (and also inhibitors before photosystem II) rapidly inac tivate photosystem II. This happens with components like CCP or tetraphenylboron (129, 130) . Such donors are therefore not useful fo r steady state experiments. (196) , are further oxidized chemically by molecular oxygen in chain reactions after initial oxidation by photosystem II. Of particular importance is the oxidation of electron donors by the superoxide anion radical which is fo rmed by autoxidation of the reducing end of photosystem I by molecular oxygen. The superoxide radical will oxidize ascorbate (1, 81, 82, 84) , fo r example, or sulfite (1 1). Elstner et al (81) have pointed out that the increased oxygen uptake observed when ascorbate is added to chloroplasts is probably due to such a superoxide radical oxidation rather than to an electron feed (see 23, 47) . Because of cycling (82), stoichiometry of oxygen uptake to electrons transferred in such photooxidations is higher than 1:2 or 1:3 as calculated from a MV dependent pseudocyclic electron fl ow (84). 5. As mentioned above, mild inactivation treatments are reversible by redox state poising; then water is again the electron donor. 6. The oxidation products of an electron donor like diphenylcarbazone (from DPC) (27 1, 296) or azobenzene (1 16) may introduce additional effects.
Localization of the Donor Site of Photosystem II in the Membrane
The problem of accessibility of electron donors fo r photosystem II, as just discussed, is in agreement with the general notion that photosystem II is buried in a lipophilic area of the membrane and, according to the first binary model, even below photosys tem I on the inside face of the membrane (8) . Only lipophilic donors can approach photosystem II in intact chloroplast lamellae, but hydrophilic donors can also do so in fragmented chloroplasts (282) . However, photosystem II is accessible to a certain extent from the matrix surface of the chloroplast lamellae. More specifically, the donor site of photosystem II seems to be exposed. This can be seen from studies with chemical probes (30, 74, 92, 93) , with antibodies (55, 176, 234, 256) , and with trypsin digestion (262, 263) .
As already discussed, in the dark the non permeable DABS labels mainly photo system I but not photosystem II (74) . More detailed studies (30, 92, 93) have revealed that photosystem II is also labeled, but only in the light. The observed fo urfold increases in DABS labeling of photosystem II in the light is interpreted to indicate a conformational change of photosystem II, exposing it to the outside. This conformational change would seem to expose the donor site of photosystem II, because DABS inhibits photoreductions at the expense of water, but not of DPC (92, 93) . DCMU prevents the conformational change of photosystem II because there is little labeling of photosystem II in its presence. The DCMU inhibition of the increase in DABS labeling is not reversed by PMS catalyzed cyclic electron fl ow or proton uptake (no effect of uncouplers), indicating that not the energized state of the membrane, but the illumination of photosystem II as such is bringing about the assumed conformational change. Also in tris-washed chloroplasts, DABS label ing by photosystem II is increased in the light (93) . Other chemical probes will be considered later.
The conclusion that the donor site of photosystem II is accessible from the outside to a small extent is also supported by the work with antibodies. Braun & Govindjee (55) reported that an antibody against photosystem II particles inactivates oxygen evolution to a small extent but does not infl uence artifi cial donor systems for photosystem II (55) . This antibody does not agglutinate chloroplast lamellae (55) , indicating that the exposure of water oxidation does occur in a crevice. According to Koenig et al (176) , the antibody against photosystem II fr actions fr om chloro plasts inhibited DPC oxidation in intact lamallae. An antibody against lutein, recently described by Radunz & Schmidt (234) , inhibits photosystem II when water is the electron donor, but not when DPC is added. Again a conformational change of the donor site of photosystem II is implicated because the inhibition of the antibody depends on the absence of the uncoupler methylamine, i.e. opposite to DABS labeling. The antibody will agglutinate the chloroplast only in an indirect agglutination test (Coombs) indicating a crevice on the membrane surface (234) .
Trypsin also inactivates specifically the donor site of photosystem II, inhibiting electron flow between water and DPC (262, 263) . Electron flow through photosys tern I is not effected, according to Selman et al (262, 263) , whereas Strotmann et al (277, 278) did conclude that trypsin treatment inactivates (certain) cyclic electron fl ow around photosystem I. These experiments with digestive enzymes are possibly not as indicative about the side of the membrane involved as studies with antibodies or chemical probes because the enzymes might bring about a general breakdown of the membrane (195) , although the experiments of Selman et al (263) do show a specific effect.
These experiments with antibodies, chemical probes, and trypsin indicate then that the donor site of photosystem II may be exposed to the outer surface, especially in the light. Giaquinta et al (92) suggested, therefore, that a conformational change of the water-splitting complex will release oxygen to the outside of the chloroplasts.
On the other hand, other experiments and considerations led to the hypothesis that the water-splitting reaction should be on the inside of the chloroplast inner membrane. This view has been particularly supported by Witt, Junge, and their colleagues (149, 152, 154, 255, 313, 314) . As already discussed, illumination of photosystem II leads to a positive charge inside and a membrane potential across the membrane (255, 313, 314) . Junge (149) and Junge & Ausliinder (151, 152) provided more direct evidence that the water-splitting reaction releases protons inside the membrane. This is in agreement with recent work by Fowler (89) , who showed that the third flash of light after a dark period liberates 1 mole of oxygen and 4 protons at the same time. Because of a time lag and the requirement for an uncoupler, Fowler suggests that the proton release occurs inside the membrane.
FURTHER EVIDENCE FOR THE SIDEDNESS OF THE MEMBRANE
The work with antibodies against components of the chloroplast membrane, as well as chemical probes, have proved to be valuable in studying components located on accessible sides of the membrane. The matrix side will be accessible in isolated chloroplast lamellae with an intact vesicle structure, but after fragmentation or even perturbation additional "faces" or even the inside become accessible. So far only antibodies affecting electron transport have been discussed. Antibodies against other TREBST components have added further evidence on the location of these compounds and the structure of the chloroplast in general. The first antibody against a chloroplast component to be studied in detail was the one against the coupling factor CF1• The antibody preparation of Berzborn et al (37) , discussed above, prepared against the whole thylakoid membrane, contained antibodies against CF 1 besides antibodies against the fe rredoxin NADP reductase and the reducing side of photosysteOl I (Sleth)' McCarty & Racker (201) were the first to prepare an antibody against purified CF1 and to study its effect on the phosphorylating capacity of intact chloroplast lamellae. Their earlier results (20 1) had indicated that this mouse antibody against CF 1 inhibited ATP fo rmation but did not inhibit the proton pump. Because CF 1 free chloroplasts (EDT A washed) show no proton uptake any longer, while chloro plasts inhibited by antibodies against CF 1 did, this was taken to indicate that CF!J in addition to its function in ATP fo rmation, plays a structural role (its removal leaving "holes" in the membrane) or even a role in energy conservation (201) . Later, however, another antibody (from rabbits) against CF 1 (199) did inhibit the H+ pump (or rather accelerated H+ efflux). No inhibition of proton uptake by still another recent CF 1 antibody (or rather against subunits of CF I ) has been observed (2 10).
It is interesting to note that polylysine, which inhibits ATP fo rmation (71), also affects proton uptake, K+ transport, and volume changes at higher concentrations, indicating that a distortion of the coupling factor located on the surface increases membrane permeability (7 1). The same has been observed by trypsin inactivation of the coupling system on the membrane, because trypsin not only inhibits A TP fo rmation but also increases the decay of the pH gradient (263) . On the other hand, Strotmann et al (277, 278) , reporting on similar results, concluded that this was due to inhibition of electron flow, because they observed an inhibition of A TP fo rmation in certain cyclic systems around photosystem I but not in noncyclic fl ow through photosystem I.
The antibodies against CF1 agglutinate chloroplasts, as first reported by Kannan gara et al (156) . After removal of CF 1 the antibody no longer agglutinates (156) . Another "structural role" for CF 1 became apparent from the work of Berzborn (33). As already mentioned, he concluded that the fe rredoxin NADP reductase is located on the surface in a crevice or depression (32) which is partly formed by the knobs of CF, sticking out of the membrane and spacing two membrane surfaces (33). Recently, antibodies against subunits of CF 1 clarified the fine structure of the coupling factor CF 1 and led to the isolation and characterization of five subunits (36, 189, 210, 231) . The location of the coupling fa ctor on the matrix side of the thylakoid membrane is well established also by electron microscopy work, particu larly by Moudrianakis (134) . The knobs on the matrix side of the membrane are due to CF, as well as to ribulose diphosphate carboxylase, which is also loosely attached to the outer surface (134) . This has been shown clearly by the antibody against the carboxylase prepared by Kannangara et al (156) , which agglutinates isolated chloro plast lamellae.
Other components of the outside of the membrane localized by antibodies are galacto-and sulfolipids (122, 232, 233) . Particularly the sulfolipid is located towards the matrix side, but as the results of Radunz & Berzborn (233) suggest, the sul- There is no doubt that photosynthetic activity occurs in the membrane bordering the partition. Tetrazolium salts (acceptors of photosystem I) are reduced in the partition [seen in the electron microscope by the insoluble fo rmazane fo rmed (266, 302) ], though migration of the fo rmazane does occur (266) . Ferricyanide as seen by a histochemical method is also reduced by the grana and stroma lamellae, though no particular point as to the role of the partition has been made (108) .
The use of DAB (diaminobenzidine), which upon oxidation fo rms an insoluble precipitate, will be of particular importance because microscopic studies will indi cate where in the membrane the photooxidation occurs. DAB is an electron donor fo r photosystem I (64, 215, 219) . Vigil et al (299) as well as Nir & Pease (2 18) observed a staining of the inside of the lamellae when DAB was oxidized by the chloroplasts, giving strong evidence fo r a sidedness of the electron flow system.
TREBST
Other photosynthetic phenomena underline the sidedness of a closed membrane system of the chloroplasts. They are related to the movement of ions from or to the matrix space into or from the inner space of the thylakoid. After the discovery by Hind & Jagendorf (126) of a light dependent proton uptake and a dark fo rmation of A TP by a pH gradient across the chloroplast membrane, numerous papers dealt with the pH gradient fo rmed upon illumination of chloroplasts. This and the bearing on the chemiosmotic theory of energy conservation have been reviewed in (73, 100,  261, 300, 313, 314) . For the discussion of the sidedness of the membrane one may select a few results particularly pertinent.
Measurements of the internal pH are now possible with reasonable accuracy. Evidently it is the internal pH rather than the external pH (i.e. of the buffer system employed in suspending chloroplasts) that controls the rate of electron flow (15, 244, 245, 247, 248) . This means that the actual pH optimum of electron flow is not that of the externally added buffer and cannot be measured simply by adjusting the outside buffer. The amount of pH gradient depends on the pH outside; the t:.. pH is about 2.5 -3.5 at pH 8 outside (15, 244, 246, 248 ) and 1 -1.5 at pH 6 outside (15). The t:.. pH depends also on the internal buffer capacity (15, 157, 192) and may be increased by a number of compounds such as phenylenediamines (15) or pyridine (2 11). The control of electron flow by the internal pH easily explains older observa tions like the apparent shift of the pH optimum in uncoupled chloroplasts or fragmented chloroplasts, because the uncoupler breaks down the pH gradient and now the added buffer has to yield the optimal pH (244), or because the sided ness of the membrane is lost if upon fragmentation no vesicle is reformed. The inhibition of electron fl ow by uncouplers at high outside pH is also due to a shift of the internal pH into an unfavorable range (244) .
Recently Bamberger et al fo und a more complex dependence and a control of both internal and external pH. In the presence of nigericin the rate of electron fl ow was inversely proportional to t:.. pH (20) . The authors concluded that there is a rate controlling average pH in the membrane which together with the t:.. pH is control ling electron flow. However, because of the sidedness of the membrane and the possibility of loops of the electron transport chain, the results of Bamberger et al may just indicate that redox reactions on the outside of the membrane have a different pH optimum than those inside. A dependence on a pH gradient was also proposed by Trebst & Reimer (289) fo r an artifi cial electron and hydrogen loop across the membrane. They interpret the inhibition by an uncoupler of the phenylenediamine-stimulated photoreduction of ferricyanide by photosystem II (i.e. in the presence of DBMIB) to indicate that a phenylenediamine/diimine loop is controlled by outside and inside pH (289) . The excessively large stimulation of a donor system fo r photosystem I (DCIP lascorbate) by an uncoupler possibly may also reflect the dependence of shuttles across the membrane on both external and internal pH. Reinwald et al (240) produced evidence that it is at the plastoquinone site that protons are pumped across the membrane with a ratio of 2 H+ per plas toquinone. Upon reduction on the outside, plastoquinone would take up protons, the plastohydroquinone would be oxidized inside, and thereby release protons in side. This proton uptake by a quinone reduction was proposed as the mechanism fo r the rapid phase of proton uptake by Izawa & Hind (143) . It appears also that one of the rapid proton binding sites in bacterial chromatophores is at the ubiqui none site (65) . Recently Junge & AusJii nder (152) provided additional evidence for two proton releasing sites inside and two sites fo r proton uptake outside by studying the dependence of photosystem I and/or II photo reductions on ficoll and sucrose.
NONCYCLIC AND CYCLIC ELECTRON FLOW ACROSS THE THYLAKOID MEMBRANE
In the fo regoing discussion several phenomena point to the sided ness of the chloro plast inner membrane and to reactions across the membrane from and to outer and inner space. A definite conclusion as to a sided ness also of components of the electron transport chain and of a zigzag of photosynthetic electron flow across the membrane, however, is not as immediately apparent. Table I summarizes results discussed in the previous sections that are particularly pertinent. According to the table there is agreement of the data to have the acceptor site of photosystem I extend into the hydrophilic environment of the matrix space. The donor site of photo system I is not accessible from the outside, but there is not conclusive evidence that it is actually located on the inside. Under nonstacking conditions the donor site (i.e. plastocyanin) seems to be accessible even to poly lysine. The acceptor site of photo system II is not easily accessible from the outside towards hydrophilic electron acceptors. Antibodies against photosystem II particles and some components of photosystem II clearly indicate a certain accessibility of photosystem II. Antibodies against plastoquinone as well as the proton uptake from the outside upon its reduc tion by photosystem II suggest that the acceptor site of photosystem II is covered up by a protein lipid (?) layer but oriented towards the outside. The most confl icting results are obtained as to the location of the donor site of photosystem II. DABS labeling, antibody studies, and trypsin inactivation indicate an exposing of the water-splitting reaction to a certain extent. In addition, the DABS labeling suggests that a conformational change brought about by light exposes the water-splitting reaction, covered in the dark. On the other hand, proton release into the inner space in the water-splitting reaction, field fo rmation, and energy coupling of photoreduc tions by photosystem II are easily explained if there is an orientation of the donor site of photosystem II towards the inside. A summary is given in Table I .
Rather than concluding that the present evidence is insufficient fo r a sidedness of the electron flow system correlated with energy conservati � n, the author takes the view of Witt and his colleagues because it seems to explain his own results most easily. The basic scheme of Witt and Junge and associates (152, 154, 255, 313, 314) proposes a zigzag of the two photosystems and the electron transport chain across the membrane with the acceptor site of photosystem I and II outside and the donor site of both photosystems inside. Some arguments perhaps may reconcile the new zigzag scheme with some of the experiments summarized in Table I , which tend to argue against the scheme. I. The donor site of photosystem I need not necessarily be located on the inside. An orientation towards the inner fa ce is sufficient if only artificial electron donors antibody against plastoquinone and antibody against chlorophyll (234, 235, 256) antibody against subchloroplast particles (58, 176) Acceptor side field fo rmation (255, 313, 314) accessibility of cytochrome bSS9 (66) new version of binary model (8, 205) DABS labeling (92, 93) antibody against lutein (234) antibodies against photosystem II
particles (176) trypsin digestion (262, 263) Donor side relative inaccessibility to hydrophilic acceptors (282) field formation (255, 313, 314) energy coupling to photoreductions (47, (287) (288) (289) 317) proton release inside in the water-splitting reaction (89, 149. 152) approach it from the inner fa ce and, as in the reoxidation of plastohydroquinone in the native chain, release hydrogens inside. The proton uptake from the outside in plastoquinone reduction may very well occur through a protein lipid layer cover ing up the lipophilic quinone from the hydrophilic matrix. 2. Crevices and depressions in the surface of the membrane may temporarily expose sites actually inside the lipid layer. Such crevices are particularly indicated by the antibody studies against the Fd-NADP-reductase, some of the galacto-and sulfolip ids and lutein, because these antibodies do not yield direct agglutination. No crevices have been identified yet on the inner surface. Crevices from the inside and outside actually may shorten the distance across the membrane, which seems necessary if the fixed photosystems are to charge across the membran � . One might speculate that the water-splitting reaction of photosystem II is located ' in the membrane close to crevices in such a way that upon illumination it actually releases oxygen to the outside but protons to the inside. The conformational changes of the water-splitting systems, as clearly indicated by the DABS labeling experiments, may expose the higher stages of S in the oxygen evolving reaction.
3. It seems possible that modification of a compound on the outside (by an antibody, a chemical probe, or digestion) leads to a structural rearangement of the membrane and an inhibition of a fu nctional component inside. It appears that some of the discrepancies as to the electron fl ow across the membrane listed in Table 1 TREBST proton releasing sites inside and two sites taking up protons from the outside are indicated, as proposed by Junge (152) . A plastoquinone loop connects the two photosystems across the membrane and is pumping hydrogens (protons) across the membrane as indicated by Reinwald et al (240) . In the plastoquinone loop a shuttle of reducing equivalents and hydrogens from the outside to the inside occurs. The pH gradient thus generated yields fa vorable pH conditions for both enzymic reduc tion of plastoquinone and proton uptake from the outside and enzymic oxidation of plastohydroquinone and proton release on the inside. Thus, depending on condi tions, internal and external pH and !1 pH would control the overall rate as observed (20) . The zigzag of the electron flow system across the membrane would ease the present discussion as to the number of energy conserving (A TP fo rming) sites in noncyclic and cyclic photophosphorylation. The two proton releasing sites inside at the water-splitting reaction and the plastoquinone loop, together with the two electrogenic transmembrane processes in the photosystems, may be considered the energy conservation sites in photosynthetic electron flow ( Figure 5 ). As will be discussed later, two energy conserving sites are not necessarily equivalent to two A TP fo rming sites. Also, the indication of proton releasing sites in Figure 5 is no acceptance or proof of the chemiosmotic theory. Instead the two proton releasing sites could be represented also as fixed charges (72, 73, 158) or any other "squiggle" as long as that does not imply tight chemical coupling of electron flow and phospho rylation.
In noncyclic electron flow from water to NADP, both energy conserving sites will participate in and be responsible fo r coupled A TP fo rmation. Two energy conserv ing sites not necessarily yielding two A TP per 2 electrons transferred would be a compromise between those workers supporting the notion that the Pie, value in noncyclic electron flow from water to NADP is unity and others who have fo und higher Pie, values as well as indications of two different "ATP coupling sites" in photoreductions by either photosystem II or photosystem I (including cyclic).
In photoreductions by photosystem II, only one energy conserving site at the water-splitting reaction would contribute to A TP fo rmation. It has been shown that photoreductions by photosystem II with oxidized phenylenediamines or benzoqui nones as acceptors-as Saha et al have proposed (25 1 )-are coupled to A TP fo rma tion. This became clear when either DBMIB (287) (288) (289) or KeN (96, 97, 226) were used to block electron flow from photosystem II into photosystem I. The Pie, ratio in such photoreductions by photosystem II obtained are in the range of 0.4-0.7 (96, 97, 226, 236, (287) (288) (289) , i.e. about half the value of noncyclic electron flow through both photosystems. Trebst & Reimer (287, 289) also report on a photosynthetic control of such systems (i.e. stimulation of electron transport by uncoupler). Gimmler (94, 95) , as well as Reeves & Hall (236) , also report on the coupling of photoreductions by photosystem II and obtained evidence fo r control. The situation as to control is difficult to assess, however, because at high pH uncouplers inhibit photoreductions by photosystem II (97, 289) . As already dis cussed, Trebst & Reimer (289) interpret this as evidence for a pH gradient-depend ent phenylenediamine shuttle across the membrane (Figure 6 ). The coupling of photoreductions by photosystem II raises the question as to which electron flow reaction is coupled. A site between water and photosystem II had been proposed earlier (47) . Also Kok et al (180) suggested an energy conserving site at photosystem II, as did experiments by others (178, 259, 260, 317) . According to a theory of direct chemical coupling of electron flow to phosphorylation, such a site is difficult to specify. In view of the chemiosmotic theory and the zigzag scheme across the membrane, the protonreleasing site inside in the water-splitting reaction would be responsible for coupling of photoreductions by photosystem II. As Junge & Auslan der (152) show, in photo reductions by photosystem II protons are released inside.
In cyclic electron flow, according to the zigzag scheme across the membrane, also only one energy conserving site would participate. The site responsible would be the proton-releasing site at the plastoquinone loop, if in the cyclic system plastoquinone is participating (i.e. is DBMIB sensitive (46) . As discussed above, certain cyclic photophosphorylation systems do not include plastoquinone. In such systems the native energy conserving site at plastoquinone would be replaced by an artificial energy conserving site. Such cofactors of cyclic photophosphorylation need to be lipophilic and should be able to release protons upon oxidation inside (1 11, 115) . The shuttle of the cofactor itself through the membrane is the energy conserving site. Such systems are DBMIB insensitive (46) but KCN (226) sensitive systems with DAD or DCIP as cofactors or the DBMIB and KCN insensitive PMS system. Witt (3 14) has suggested a direct fe eding of PMS into P700, which would also explain the high light saturation of this cyclic system (18) . The experiments of Krogmann & Olivero (183) with petrolether extracted chloroplasts do not necessarily indicate a participation of plastoquinone in the PMS cyclic electron flow system, because it seems quite possible that removal of plastoquinone by petrolether induces a leaki-ness of the membrane preventing a dpH to be built up. Three types of cyclic photophosphorylation schemes may then be conceived with three different energy conserving sites (Figure 7) . In photoreductions by photosystem I at the expense of an artificial electron donor, coupling to A TP fo rmation is also observed. Because cyclic electron fl ow also occurs in photo reductions with some mediators like DCIP and DAD (284, 285) , a measure ment of the true Pie . ratio fo r noncyclic flow is difficult. Using DAB as an electron donor, which does not cycle when the oxidized form is precipitating, Neumann (2 15) reported on a Pie . ratio of 0.8. Hauska et al (115) recently attributed the finding that TMPD/ascorbate as an electron donor system is not coupled to ATPI fo rmation to the fact that TMPD, contrary to DAD or DCIPH2, is not carrying hydrogens across the membrane and liberating protons upon oxidation inside. From this it is proposed that in donor systems fo r photosystem I an artificial energy conserving site is induced by the donor if the donor is able to carry hydrogens across the membrane (Figure 8 ). 
ENERGY CONSERVATION IN PHOTOSYNTHETIC ELECTRON FLOW
In adopting the zigzag scheme of electron flow across the membrane, two energy conserving sites-Leo two proton releasing sites inside-have been discussed. As pointed out, a proton releasing site is not equivalent to an A TP coupling site because the "squiggle" fo rmed in an energy conserving site does not necessarily lead to one equivalent of ATP. Not considering the membrane potential, the amount of ATP fo rmed in noncycJic electron flow from H20 to NADP or in photoreductions by either photosystem II or I alone, Le. the P /e, ratio, will depend on how many protons are released inside per two electrons transferred and how many protons are required to fo rm one ATP. This is a continuing controversy, and the inconsistencies in the experimental values make many authors hesitant to accept the chemiosmotic hy pothesis. There seems to be reasonable agreement that the proton/electron ratio is 2, i.e. 4 protons are released inside, when 2 electrons are moved across two photosystems from water to MV or NADP (see particularly reviews by Schwartz By computing a P I e . ratio from an accepted H+ /e ratio of 2 and from an H+ / ATP ratio of 2 or 3 or 4 respectively, one arrives at P / e, ratios of 2 or 1.33 or I respectively TREBST for noncyclic flow from water to NADP and a ratio of 1 or 0.7 or 0.5 fo r photoreduc tions by either photosystem II or I (including cyclic) alone. The observed values for noncyclic flow in the literature range from I, as originally observed by Arnon in NADP, fe rricyanide, and in the Mehler reaction to later Pie, ratios of two, though in some reports the computation of Izawa et al (140) (i.e. subtraction of a presumed uncoupled basal rate) has been applied. Recently (109, 236, 237, 303, 304 ) the conditions fo r obtaining Pie, ratios above 1 have been described. A value of 2 is also fa vored by Crofts et al in their review (69) . Rumberg & Schroder (250) again settled for a Pie, ratio of 1. The values reported fo r photoreductions by photosystem II are in the range of 0.5 to 0.7 (96, 97, 226, 236, (287) (288) (289) ; this multiplied by 2 would correspond to a Pie, ratio in non cyclic fl ow between 1 and 1.3. It is apparent that according to the chemiosmotic theory whole numbers for the Pie, ratio are not necessarily expected (if the ratio of H+ I ATP is 3, then the value would be 1.33).
The H+ Ie or H+ Ihv values in cyclic electron fl ow (or in noncyclic fl ow by photosystem I) is much less in agreement with the concept presented. The values in the literature are about 5 H+ in the initial phase and 2.5 H+ Ie (at the best) in the steady state (75) . Heath (118) , employing bromocresol purple as an indicator, recently reported on rather high values of about 3.5 H+ IHv, and only the efHux in the dark showed a value of 1.6. Though high proton uptake might refl ect a neutral ization of membrane charges which do not contribute to the "squiggle," a value of H+/e or H+Hv = 1 should be expected according to the concept presented here. Strotmann et al (277) did come to a value ofH+ Ie =1 in the steady state after certain corrections and assumptions. A Pie, ratio of 0.5 (on the assumption of H+/ATP = 4) should be expected fo r cyclic photophosphorylation. Indeed, such low values have been reported when ATP/hv was measured directly (18, 261) .
Of course, the Pie, ratio of noncyclic electron flow is of great importance fo r the overall stoichiometry oflight reactions to CO2 fi xed in the dark assimillation of CO2• According to the Calvin cycle, 3 ATP per NADPH are needed to reduce CO2 to the level of a carbohydrate. If noncyclic electron fl ow has a Pie, ratio of only 1, additional ATP fo rming light reactions are required. Heber (120) recently came to the conclusion that the Pie, ratio in whole chloroplasts is close to 1 and proposed pseudocyclic electron flow to supply the extra A TP. On the other hand, the exten sive and elaborate quantum requirement measurements fo r CO2 assimilation in vivo by Senger (265) led to a value of 8, which would rather support the idea that the Pie, value of noncyclic electron flow is close to 2. It seems conceivable that the more fl exible coupling of electron fl ow to A TP fo rmation via a chemiosmotic mechanism would include a way to control and a mechanism to vary the Pie, ratio by changing the number of protons required fo r ATP fo rmation under different physiological conditions.
